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We report a comprehensive study of carrier-recombination dynamics in shallow AlxGa12xAs/GaAs quantum
wells. At low crystal temperature ~2 K!, the excitonic radiative recombination time is shown to be strongly
enhanced in shallow quantum wells with x.0.01, consistently with a model that takes into account the thermal
equilibrium between the three-dimensional exciton gas of the barrier and the two-dimensional exciton gas,
which are closer in energy as x decreases. Furthermore, we demonstrate the existence of a thermally activated
escape mechanism due to the low effective barrier height in these structures. The nonradiative recombination
is shown to dominate the carrier dynamics for temperatures as low as 10 K for x'0.01. Our experimental
observations are analyzed using three different variational exciton calculations. In particular, we study the
crossover from the two-dimensional to the three-dimensional behavior of the exciton, which occurs for x as low
as 0.01 and affects mainly the oscillator strength, whereas the transition energies in shallow quantum wells can
be calculated, to a large extent, using the same approximations as for conventional quantum wells. The peculiar
behavior of the oscillator strength at the crossover to the weak confinement regime is obtained by expansion in
a large basis. @S0163-1829~98!05035-8#
I. INTRODUCTION
AlxGa12xAs/GaAs quantum wells ~QW’s! with very low
Al concentration, known as shallow quantum wells ~SQW’s!,
have been shown to be of considerable interest, mostly for
their promising application potential,1–7 but also from a fun-
damental point of view.8–13 Originally, SQW’s were devel-
oped in order to increase the switching speed of electro-optic
devices such as self electro-optic effect devices, photodetec-
tors, or optical logical gates.14–16 This is achieved by reduc-
ing the QW barrier height, which tends to reduce the carrier
escape time out of biased quantum wells and allow one to
increase the operating light intensity. Indeed, room-
temperature excitons have been observed by electroabsorp-
tion in SQW’s with x of the order of 0.01,3 whereas the
carrier escape time, studied by pump-probe,1
four-wave-mixing,2 and photoluminescence experiments,7
has been shown to be very short even for very low applied
electric fields. More fundamentally, SQW’s present the inter-
esting case of intermediate confinement, where both the two-
dimensional ~2D! ~conventional QW’s! and 3D ~bulk! pic-
tures break down. In the 2D limit ~strong confinement
regime!, the exciton binding energy is much smaller than the
confinement energy: Electrons and holes can be considered
as confined independently in the direction of the QW growth,
whereas in the 3D limit the particles are strongly correlated
and the relative motion has to be defined in all directions.
Fritze et al.9 have shown how a transition between these two
regimes can be induced in SQW’s by application of a mag-
netic field. More recently, Iotti and Andreani13 demonstrated
theoretically that such a transition, in narrow or shallow
QW’s, is characterized by a minimum of the excitonic oscil-
lator strength at the crossover between the two regimes. This
property must have some important consequences on the re-
combination dynamics in SQW’s since the excitonic radia-
tive recombination rate is proportional to the excitonic oscil-
lator strength.17 Moreover, this problem deserves some
clarification since after excitation of excitons or electron-
hole pairs, dephasing mechanisms,18 or thermalization via
interaction with acoustic phonons,19 lead to an intricate dy-
namics in which the effect of the oscillator strength variation
is difficult to predict. Additionally, an important amount of
work, both theoretical and experimental,20,21 has been de-
voted to carrier capture by QW’s and SQW’s.22 This issue is
important, for instance, in terms of efficiency for photonic
devices ~e.g., laser diodes!. Nevertheless, as far as applica-
tions are concerned, another mechanism is at least as rel-
evant: carrier nonradiative recombination, which governs the
recombination dynamics at room temperature. Among the
various existing nonradiative recombination processes, one
can distinguish between extrinsic and intrinsic ones. On the
one hand, nonradiative recombination can occur on crystal
defects or impurity centers23 in low-quality samples. On the
other hand, nonradiative recombination can be thermally ac-
tivated, even in high-quality samples, when the thermal en-
ergy is large enough for carriers to escape the QW’s. Ther-
mally activated carrier escape has been previously studied by
continuous-wave ~cw! photoluminescence ~PL! and by time-
resolved photoluminescence ~TRPL!, in InyGa12yAs/GaAs
QW’s ~Refs. 24–26! or thin AlxGa12xAs/GaAs QW’s.27
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In this article we report on carrier recombination dynam-
ics in a set of eight high-quality AlxGa12xAs/GaAs quantum
wells, with x varying between 0.006 and 0.18, hence ranging
from shallow quantum wells to conventional, deep, quantum
wells, studied by means of cw PL and TRPL for tempera-
tures between 2 K and room temperature. At low temperature
we observe a strong enhancement of the excitonic radiative
recombination time in SQW’s, with a maximum around x
50.015. This behavior cannot be related to the variation of
the excitonic oscillator strength and is discussed with the
help of a simple model taking into account the increasing
role played by barrier excitons as x decreases. Additionally,
we show that thermal escape of carriers out of the well is
activated for increasing temperature. In order to obtain better
insight of the problem, we analyze our experimental obser-
vations with three different variational calculations. First, we
use an approximation known to hold for deep QW’s: The
exciton wave function is separable in the QW plane and the
growth direction. Such an approximation fails when the con-
finement energy tends to zero, leading to a low estimate of
the excitonic binding energy. Nevertheless, a comparison
with the results obtained with a nonseparable wave function
~which gives more correctly the exciton binding energy in
the 3D limit! and via diagonalization of the Hamiltonian on a
large nonorthogonal basis13 allows a more quantitative dis-
cussion. We show that all three methods provide a good
estimate of the optical transition energies for x values as low
as 0.01 ~in 100-Å-wide QW’s! and that the main inaccuracy
remains the neglect of the coupling between the valence sub-
bands.
This article is organized as follows. In Sec. II we present
the theoretical framework underlying our analysis. In Sec.
III, after describing the samples and experiments, we discuss
the validity of the calculations presented in Sec. II. Section
IV is devoted to cw PL results, in particular versus excitation
density, which shows the existence of a nonradiative channel
whose microscopic origin is revealed by TRPL. TRPL re-
sults are discussed in Sec. V. We discuss first the radiative
recombination time, measured at low temperature and then
the nonradiative recombination dynamics.
II. THEORETICAL FRAMEWORK
We first apply the variational calculation previously de-
scribed in Ref. 22. Considering that the in-plane center-of-
mass motion (Rxy) and relative motion (rxy) of the electron-
hole pairs are decoupled, the eigenwave vectors of the
system Hamiltonian can be written
C~re ,rh!5N exp~ iKxyRxy!F~ze ,zh ,rxy!. ~1!
In a first approximation, we consider that ~i! the Coulomb
interaction does not modify the single-particle confinement
energy along the growth direction ~Oz! and ~ii! the confine-
ment is strong enough so that the exciton does not propagate
along z. In the envelope function approximation, the first trial
1s exciton wave function is then separable in z ~growth di-
rection! and x-y ~QW plane! directions:
F~re ,rh!5xe~ze!xh~zh!b~rxy!, ~2!
b~rxy!5A2/pl2D2 exp~2rxy /l2D!, ~3!
where xe (xh) is the solution of the one-dimensional finite
quantum-well potential for the electron ~hole! and f depends
only on the electron-hole relative motion in the QW plane.
l2D is the only variational parameter, giving the effective,
2D Bohr radius. We assumed parabolic, uncoupled valence
and conduction bands. For the band discontinuities we used
the recent experimental results by Yu et al.28
For comparison with temperature-dependent photolumi-
nescence measurements, we define the effective barrier
height D as
De ,h5Ee ,h
b 2Ee ,h , ~4!
where Ee
b (Ehb) is the barrier potential for the electrons
~holes!, as given by Ref. 28, and Ee ,h are the calculated
single-particle confinement energies. The effective barrier
height D is calculated ~see Fig. 11! for the electrons ~solid
line!, heavy holes ~short dashed!, and light holes ~long
dashed!, for a 100-Å QW, as a function of the Al concentra-
tion in the barrier. Above about x50.025 the highest effec-
tive barrier height is for the electrons. In this region, the
deeper QW potential dominates the opposite influence of the
smaller mass compared to the heavy holes. This behavior is
reversed for lower concentrations.
Figure 1 presents the exciton binding energy for the n
51, 1s light-hole ~dashed line! and heavy-hole ~solid line!
excitons. As already discussed in Ref. 22, the exciton bind-
ing energy decreases for shallower quantum wells due to the
reduced confinement energy together with an increase of the
excitonic Bohr radius. The limitation of this first variational
approach appears clearly on this figure, since for x lower
than 0.005, the excitonic binding energy is found to be
smaller than the 3D limit. The origin of this problem in
SQW’s is better understood by displaying the integrated
probability to find a single particle in the QW ~Fig. 2!. The
calculated probability for light holes and electrons is quite
the same, due to the similarity of their mass along the con-
finement axis ~Oz!. When the Al concentration is decreased,
electrons are more easily delocalized in the QW barrier than
heavy holes that have a larger mass. For very low Al con-
centrations, the carriers are not confined enough in the QW
plane to consider the exciton as a 2D system and the full
electron-hole distance (ze2zh) has to be taken into account
in the Coulomb exponential term of Eq. ~3!.
FIG. 1. 1s , n51, exciton binding energy for the light-hole ex-
citon ~dashed line! and heavy-hole exciton ~solid line!, calculated
using the separable wave-function approximation, as a function of
the Al concentration.
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In order to solve the problem mentioned above we have
considered, in a second approximation, the result of a varia-
tional calculation using a nonseparable wave function. This
type of wave function is well adapted to calculate the exciton
binding energy in a bulk material.29 In this case, the trial
function is given by
F~re ,rh!5xe~ze!xh~zh!exp@2Arxy2 1~ze2zh!2/l2D# .
~5!
Finally, the exciton binding energy has been calculated by
using the real-space expansion method described in Ref. 13.
The excitonic Hamiltonian is written in the framework of the
effective-mass approximation and diagonalized on a large
nonorthogonal basis of Gaussian functions for all coordinates
ze ,zh and exponential ones for rxy . This method is equiva-
lent to keeping all discrete and continuum single-particle lev-
els in the exciton; it makes no assumptions about the form of
the exciton wave function and therefore allows one to de-
scribe both the strong and the weak confinement regimes as
the well width or the barrier height is varied.
In Fig. 3 we compare the 1s , n51, heavy-hole exciton
binding energies, calculated using a separable wave function
~dashed line!, using a nonseparable wave function ~solid
line! and the results of the more elaborate numerical calcu-
lations ~dots!. The second and third methods indeed allow
one to calculate the correct exciton binding energy in the 3D
limit ~4 meV!. For an Al concentration as low as 0.01, the
binding energy is at least 5.3 meV, which represents an in-
crease of as much as 33% compared to the 3D limit. Such an
increase of the exciton binding energy in SQW’s can be at-
tributed to the confinement of the particles already effective
for very low Al concentrations. For x50.01, the integrated
probability to find the heavy holes in the QW is 71% and
41% for the electrons (n51 states!. For higher Al concen-
trations, all three methods agree well. We want to stress that
the discrepancies between the three methods remain smaller
than 0.5 meV ~our experimental precision, as discussed in
Sec. III! for concentrations as low as 0.01 and higher. For
x50.006, which corresponds to the shallowest quantum well
we have studied, the discrepancy is no more than 1 meV.
Further comparison with experiment and discussion about
the approximation of uncoupled valence bands are presented
in Sec. III.
Finally, the excitonic oscillator strength has also been cal-
culated using the first and third methods presented above ~the
inverse of the oscillator strength is plotted in Fig. 8 in the
frame of the discussion presented in Sec. V B!. In the sepa-
rable wave-function approximation, the oscillator strength
decreases monotonically with decreasing x, due to the in-
crease of the exciton Bohr radius and to the larger penetra-
tion of the wave functions into the well barriers for shallower
QW’s. However, this method is known to fail for low Al
concentrations and the comparison with a more sophisticated
method shows that the error on the oscillator strength is even
larger than the error on the energies, as expected. As dis-
cussed extensively in Ref. 13, the crossover from the strong
to weak confinement regime is only obtained by an expan-
sion in a large basis ~third method!. In the strong confine-
ment regime ~conventional QW’s!, the electron and holes
can be considered as separately confined into the well. In this
regime, a reduction of the barrier height or an increase of the
well width leads to a decrease of the oscillator strength. On
the contrary, in the weak confinement regime, i.e., when the
QW can be considered as only a perturbation to the bulk 3D
exciton, the exciton center-of-mass motion is quantized as a
whole and the oscillator strength increases versus the well
width or decreases versus the barrier height. As a conse-
quence, a minimum of the oscillator strength is predicted, as
it can be seen in Fig. 8, at the crossover between the two
regimes. The predicted crossover between the two regimes
occurs at x50.01 for our structures and leads to a minimum
of the oscillator strength for this concentration.
III. EXPERIMENT: DISCUSSION
A set of eight samples were grown by molecular-beam
epitaxy on an n1-type GaAs substrate ~Si doped, 2
31018 cm23! and GaAs buffer, along the ^001& direction. At
the center of the intrinsic zone is a nominally 100-Å-wide
GaAs quantum well clad with two 500-Å-wide AlxGa12xAs
barriers with x ranging from 0.006 to 0.178. The 1100-Å-
thick structure was embedded between two 20-Å-wide AlAs
layers in order to monitor the PL of both the SQW and the
AlxGa12xAs barrier when necessary. On top of each sample
a 100-Å-thick undoped GaAs cap layer was grown. The
samples were immersed in a helium cryostat allowing the
temperature to vary between 2 and 300 K. Continuous-wave
PL and PL excitation ~PLE! spectra were excited with an
Ar1-pumped tunable Ti-sapphire cw laser. The PL signal
FIG. 2. Integrated probability for the heavy-hole ~short-dashed
line!, light-hole ~long-dashed line!, and electron ~solid line! to be in
the QW layer, as a function of the Al concentration.
FIG. 3. 1s , n51, exciton binding energy for the heavy-hole
exciton as a function x, calculated using the separable wave-
function approximation ~dashed line!, the nonseparable wave-
function approximation ~solid line!, or a Gaussian basis ~symbols!.
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was dispersed by a 80-cm double monochromator and de-
tected with a cooled GaAs photomultiplier. Time-resolved
photoluminescence measurements have also been performed
using a synchronously pumped mode-locked Ti-sapphire la-
ser with a 2-ps pulse duration. In this case, the signal was
detected after filtering by a 32-cm double monochromator
and by a streak camera system with a time resolution of '15
ps. In cw excitation the lowest excitation power was 0.1
W cm22, corresponding to a carrier density of about
107 cm22. In the TRPL experiments, the lowest excitation
intensity corresponds to a carrier density of about 109 cm22.
As an example, we report in Fig. 4 the PL spectrum
~dashed curve! and the PLE spectrum ~solid line! for the
sample 95L19 (x50.033), at low excitation density and 2 K.
The PL spectrum displays an intense peak at 1529 meV with
a full width at half maximum ~FWHM! of 1 meV. Along
with this very small FWHM no Stokes shift was measured,
showing the high quality of the sample. In fact, only one
sample ~K411, x50.09! revealed a 1-meV Stokes shift and
3.8 meV FWHM for the PL, whereas a FWHM of 1 meV or
less and no Stokes shift were measured on the other samples.
A comparison with the nominal characteristics of the sample
allows one to identify the peak at 1556.2 meV with the 1s
exciton of the AlxGa12xAs barriers, from which we could
deduce an effective Al concentration x50.033.28 The nu-
merical calculation then allows one to identify all the other
transitions without ambiguity. At 1529 and 1533 meV are
the 1s , n51, heavy-hole and light-hole excitons @E11h(1s)
and E11l(1s)#. The small peak at 1545.9 meV has been iden-
tified with the E13h(1s) transition, as confirmed by calcula-
tions assuming an exciton binding energy of 2 meV ~a rea-
sonable value considering that the 3h level lies in the large
well of our separate confinement heterostructure!. The verti-
cal lines below the PLE spectra are transitions calculated
using the separable wave function. For this sample, the best
agreement between theory and experiment is obtained for an
effective well width of 106 Å, which represents a discrep-
ancy of two monolayers with the nominal value.
In order to test the validity of the variational calculation
using a separable wave function, we compare the measured
transition energies with the theory in Table I. For each
sample, the Al concentration ~column 2! has been deduced
following the same procedure as described above. The effec-
tive well width ~column 3! is the one allowing the best fit of
the data, once x is known. In the calculation, the well width
is then the only adjustable parameter. In column 4 we report
the measured energies for E11h(1s) and column 5 displays
the calculated energies. The same comparison is presented
for E11l(1s) in columns 6 and 7. The mean discrepancy
between theory and experiment is only 0.5 meV, which is
very good considering that this value is also the experimental
accuracy and that it is comparable to the values reported in
the literature, in particular by Simmonds et al.,11 who studied
the exciton binding energies in SQW’s by high-resolution
spectroscopy and analyzed their results using a nonseparable
wave function. Furthermore, we emphasize that the absolute
inaccuracy of the calculation is not correlated with the QW
depth nor is the difference between the effective well width
and the nominal well width. More precisely, one may intro-
duce a relative inaccuracy by dividing the absolute discrep-
ancy between theory and experiment by the confinement en-
ergy of the excitonic level, i.e., the energy difference
between the SQW excitonic level of interest and the funda-
mental excitonic level of bulk GaAs. This relative inaccuracy
is reported in column 8 of Table I for the first heavy-hole
excitonic transition and in column 9 for the light-hole one.
We obtain values of about 2% for x50.178. The relative
inaccuracy increases for x below 0.025 and reaches a value
of about 5%. Hence, due to the strong enhancement of the
binding energy in SQW’s compared to the bulk material, a
FIG. 4. Photoluminescence ~dashed line! and PL excitation
~solid line! for 95L19 (x50.033). The vertical lines below the
spectrum represent the transition energies calculated using the sepa-
rable wave-function approximation.
TABLE I. Effective Al concentration ~column 2!, effective well width ~column 3!, energy of the n51,
1s , heavy-hole exciton ~column 4, experiment; column 5, theory! and of the light-hole exciton ~column, 6,
experiment; column, 7, theory!, and relative inaccuracy as estimated in the text for the heavy-hole ~column 8!
and light-hole ~column 9! excitonic transitions.
Sample % ~Al! Width ~Å!
E11h(1s)
Expt.
E11h(1s)
Theor.
E11l(1s)
Expt.
E11l(1s)
Theor.
«rh(1s)
~%!
«rl(1s)
~%!
36M52 0.6 100 1520.7 1520.9 1521.9 1522.1 3.5 2.9
95L18 1.5 120 1522.8 1523.2 1524.9 1525.6 5.1 7.1
JC09 2.5 100 1527.3 1527.5 1530.3 1531.1 1.6 5.2
95L19 3.3 106 1529 1528.9 1533 1533.3 20.7 1.7
JC013 4.5 100 1532.4 1532.4 1537.3 1538 0 3.1
95L20 6.8 100 1536 1536 1542.7 1543.3 0 2.2
K411 9 85 1544.4 1543.9 1553.3 1553.7 21.7 1.0
16M07 17.8 95 1547.3 1546.7 1557.5 1558.8 21.8 3.1
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calculation of the energies using the same approximations as
for deep QW’s can be applied ~down to x50.01, within the
experimental accuracy!, which is gratifying given that one
might have expected the valence-band coupling to play a
non-negligible role.
IV. CONTINUOUS-WAVE EXPERIMENT
VERSUS EXCITATION DENSITY
Varying the excitation intensity provides a way to inves-
tigate the nonradiative recombination dynamics in QW’s.
The excitonic character of an observed transition can then be
studied by the excitation power dependence of the PL inte-
grated intensity. It is generally admitted that the PL-
integrated intensity IPL is proportional the excitation inten-
sity I in when the excitonic recombination ~radiative or not!
dominates. On the contrary, the PL-integrated intensity is
proportional to the square of the excitation intensity when
the free carrier non-radiative recombination dominates.30,31
In an intermediate regime IPL}I in
a
, where a ranges between
1 and 2. In Fig. 5 we report the PL-integrated intensity as a
function of the input power for the sample JC09 (x
50.025) and for three different temperatures. At low tem-
perature, IPL is indeed proportional to the excitation inten-
sity, but in contrast to what is usually reported for QW’s, a
tends towards 2 ~1.86 at 40 K! for unusually low tempera-
tures. A similar behavior is observed for all SQW’s. Addi-
tionally, the PL ceases to be measurable when a is close to 2.
Nevertheless, the line shape of the PL lines remains exciton-
like in SQW’s, even when a is close to 2; we have not found
any evidence of luminescence arising from dissociated
electron-hole pairs.
In order to understand this behavior, we use the following
model. We assume that for high temperature ~a regime de-
fined by a close to 2!, the radiative recombination is essen-
tially excitonic, as observed, but the decay of the population
is dominated by the non-radiative recombination of free-
electron–hole pairs. Additionally, the excitonic population
and the free carriers remain in thermal equilibrium, as de-
scribed by the mass action law32
np
N 5K~T !, ~6!
where n and p are the electron and hole densities and N the
exciton density. Furthermore, the rate equation for electrons
~similar for holes! can be written
dn
dt 52Bnp2
n
tnr
e 1g , ~7!
where B is the radiative recombination rate ~cm3 s21!, g is
the creation rate, and tnr
e is the non-radiative recombination
time for electrons. Since nonradiative recombination of free
carriers dominates, one can write in the steady-state regime
n5gtnr
e for electrons and p5gtnr
h for holes. Solving Eq. ~6!
then gives N5g2tnr
e tnr
h /K(T). In this model, the excitonic
PL intensity is proportional to the concentration of excitons
N and thus found to be proportional to g2, i.e., to the square
of the excitation density.
In Table II we report a measured for three SQW’s, as a
function of the temperature, as long as the photolumines-
cence can be measured. In the last column is reported the
values of a measured by Ky et al.30 in various deep QW’s
with Al concentration ranging from 0.15 to 1. From these
results, two observations can be made: ~i! a increases with
increasing temperature and ~ii! for a given temperature, the
greater the a, the shallower the quantum well. These obser-
vations and the simple model presented above strongly sug-
gest that the nonradiative mechanism is driven by the ther-
mal escape of free carriers out of the well. This conclusion,
along with a microscopic origin of the mechanism, is con-
firmed by TRPL, as described in the following section.
V. TIME-RESOLVED PHOTOLUMINESCENCE
The temperature dependence of the PL decay time, mea-
sured by time-resolved photoluminescence, is reported in
Fig. 6 for all samples. In order to excite all samples in the
same condition, we chose to provide the excitation in reso-
nance with the light-hole 1s , n51 exciton, which for the
case of the shallowest QW (x50.006) corresponds to about
1 meV above the heavy-hole exciton. Additionally, the exci-
tation density is kept low ~about 109 cm22! at low tempera-
ture and increased, when necessary, at higher temperature, in
order to compensate for the reduction of PL intensity, due to
the activation of nonradiative processes. As previously re-
ported in the literature,25,26,33 the decay time increases with
temperature before it decreases at higher temperature. Fur-
thermore, it appears clearly that a maximum is reached at a
lower temperature in shallower QW’s.
FIG. 5. Integrated photoluminescence intensity versus input
power ~logarithmic scales!, at T52 K ~circles!, 10 K ~squares!, and
40 K ~triangles!, for JC09 (x50.025). The equations in the inset
are the fit to the data.
TABLE II. Values of a, measured for three SQW’s ~2.5%,
4.5%, and 9%! as a function of the temperature. The last column
lists values of a in QW’s with x between 0.15 and 1 ~Ref. 30!.
Temperature ~K! 2.5% 4.5% 9% 15–100 %a
2 1.09 1 1 1
10 1.22 1 1.12
40 1.86 1.38 1.14
80 1.83 1.41 1.29–1.16
300 1.53–1.41
aReference 30.
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A. Luminescence efficiency
The PL recombination time tR , identified with the decay
time in our experiment, is given by
tR
21~T !5t rad
21~T !1tnr
21~T !, ~8!
where t rad is the radiative recombination time and tnr is the
nonradiative recombination time. The PL efficiency is then
r~T !5
t rad
21~T !
t rad
21~T !1tnr
21~T !
. ~9!
As shown in Ref. 34, the relative variation of the radiative
recombination time with temperature can be entirely deduced
from the experiment by measuring the PL-integrated inten-
sity variation and the PL decay time. Nevertheless, the abso-
lute value of the radiative decay time requires one to know
the PL efficiency at T50 K since
t rad
21~T !5tR
21~T !r~T !5tR
21~T !
r~T !
r~0 ! r~0 !. ~10!
As previously stated, at low temperature and for high-quality
samples,35 r~0! can be considered very close to 1, within a
good approximation. Only one of our samples ~K411, x
50.09! may not satisfy this hypothesis due to its lower qual-
ity. As an example, the PL intensity measured for JC013
(x50.045) is reported in Fig. 7~a!. From the steplike be-
havior at low temperature, it can be assumed that the recom-
bination is essentially radiative between 0 and 15 K. The PL
decay time and the radiative and nonradiative recombination
times, for the same sample, are reported in Fig. 7~b!, follow-
ing Eqs. ~10! and ~8!. The result for r(0)51 is shown as a
solid line and for r(0)50.9 as a dashed line. The discrep-
ancy between the two hypotheses remains small. Hence we
will hereafter consider the two following cases: ~i! at liquid
helium temperature tR't rad and ~ii! at high temperature tR
'tnr .
B. Low temperature
According to the above discussion, we identify, at low
temperature ~2 K!, the PL decay time with the radiative re-
combination time. The measured radiative recombination
time is plotted versus the aluminum concentration in Fig. 8
FIG. 6. Photoluminescence decay time as a function of tempera-
ture, for the complete set of samples.
FIG. 7. ~a! Photoluminescence intensity ~arbitrary units! for
JC013 (x50.045) as a function of crystal temperature. ~b! Mea-
sured photoluminescence decay time ~full circles! as a function of
temperature for JC013 (x50.045). Triangles, deduced ~see the
text! radiative recombination time versus temperature, squares, de-
duced nonradiative recombination time.
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~open symbols!. The overall trend is clearly an increase from
about 200 ps in an x50.2 QW to about 600 ps for a SQW
with x50.015.
In Fig. 8 we compare the measured PL decay times with
the inverse of the heavy-hole, 1s , n51 excitonic oscillator
strength, as calculated by the methods described in Sec. II. In
the following discussion we can discard the point at x
50.09 since the corresponding sample is known to be of
lower quality ~see above! and can experience nonradiative
recombination even at low temperature. Considering the pre-
dictions of the first theoretical approach ~separable wave
function!, the increase of the exciton radiative lifetime with
decreasing Al content may at a first sight be attributed to a
quantum-well property. With decreasing x the 2D aspect is
lost, the QW excitons are less bound, and their oscillator
strength decreases. In fact, this explanation must be rejected
since our more elaborate calculations ~see Fig. 8, dashed
line! show that the exciton oscillator strength is essentially
constant at low x.
The observed increase can be attributed to the fact that
barrierlike excitons are increasingly closer in energy to the
QW excitons when x decreases. These barrier excitons have
a considerably larger density of states than the QW excitons.
Thus, even at low crystal temperature, the barrier exciton
states can be significantly populated by the initially hot ex-
citon population. They feed the QW exciton density of states
with energetic excitons that maintain the QW exciton gas at
elevated temperature and thereby increase its recombination
time.36 The following simple model confirms this qualitative
interpretation.
Assume that, at each time t, the QW excitons and the
barrier excitons are in thermal ~Boltzmann! equilibrium at a
temperature T(t). The real power dU/dt of the exciton gas
changes because of the recombination of the QW and barrier
excitons and also through exciton interactions with acousti-
cal and optical phonons. These interactions are characterized
by a relaxation time (tac and tLO , respectively! and a char-
acteristic energy («ac and «LO , respectively!. If we call nX
and nB the areal densities of QW and barrier excitons, re-
spectively, there is
C5
nB
nX
5LAMkT~ t !2p\2 exp@2D/kT~ t !# , ~11!
U5nB@\v1D13/2kT~ t !#1nX@\v1kT~ t !# , ~12!
where L is the barrier length, M the total exciton mass, \v
the energy of the QW excitons at the zero in-plane wave
vector, and D the energy difference between the barrier and
QW excitons. Call tB and tr the radiative lifetime of the
barrier and QW excitons, respectively. Then the total exciton
areal density N decreases at a rate dN/dt equal to
dN
dt 52N
CtB
211tr
21@12exp~2d/kT f !#
11C , ~13!
where d is the energy slice where the QW excitons can ra-
diate ~typically d50.1 meV!. In the long-time regime the
excitons have thermalized to a final temperature T f and N, as
well as nX , decreases with an effective recombination time
teff given by
teff
215
C ftB
211tr
21@12exp~2d/kT f #
11C f
, ~14!
where C f is the final ratio between 3D and 2D excitons. We
show in Fig. 9 the calculated x dependence of kT f and teff
taking a lattice thermal energy kT latt equal to 0.8 meV ~about
9 K!, «ac51 meV, «LO536 meV, tac580 ps, tLO51 ps, tB
51 ns, tr510 ps, d50.1 meV, and L5100 nm. The exci-
ton population is initially hot right after the excitation and
for the sake of simplicity, the initial temperature is set to a
constant equal to 80 K ~6.9 meV! in this model. Both kT f
and teff are almost constant when D>20 meV (x>0.016)
where C<1025 and teff'tr /@12exp(2d/kTf)#. We note the
persistence of an equilibrium temperature T f that is slightly
larger than that of the lattice ~about 24 K!. This is due to the
radiative recombination that suppresses the low-energy exci-
tons and thus contributes to an effective heating of the exci-
ton gas. The difference between T f and T latt increases with
increasing tac and decreasing tr . When D becomes <20
meV and T f and teff increase due to the thermal proximity of
the large density of states of the barrier excitons. At ex-
tremely small D (D<5 meV, x<0.004! the thermalization
towards lattice temperature becomes easier again because the
dominant species have now become the barrier excitons
~C f52.47 when D52.7 meV, x50.002!. The lower equilib-
rium temperature in turn shortens the QW recombination
FIG. 8. Measured radiative recombination time as a function of
Al concentration ~open circles and right scale!. Solid line, inverse of
the exciton oscillator strength ~arbitrary units! calculated using the
separable wave-function approximation, full circles ~the dashed line
is a guide for the eyes!, inverse of the exciton oscillator strength
calculated using the Gaussian basis.
FIG. 9. Calculated radiative recombination time ~symbols and
left scale! and final temperature ~solid line and right scale! of the
QW exciton gas as a function of Al concentration. The parameters
used for the calculations are given in the text.
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time, which leads to a decrease of teff in spite of the fact that
the QW excitons are less numerous than the barrier excitons.
The decrease of the excitonic radiative recombination
time observed for the sample ~of high quality! with x
50.006 is well reproduced by this simple model. However,
other reasons may induce such a behavior. It will be shown
in Sec. V C that nonradiative recombination dynamics of in-
trinsic origin ~thermal escape out of the well! are activated in
SQW’s for a lower temperature in shallower wells. Conse-
quently, in the x50.006 sample, nonradiative recombination
starts for a temperature as low as 10 K. Hence it can be
argued that at a crystal temperature of 2 K the measured PL
decay time can hardly be unaffected by these dynamics, lead-
ing to an underestimate of t rad . Another possible origin for
this behavior is the crossover from strong to weak confine-
ment regime,13 theoretically predicted for excitons in shallow
or narrow quantum wells ~see Sec. II!. The predicted cross-
over between the two regimes is calculated to take place at
x50.01 ~Fig. 8! for our structures and induce a minimum of
the oscillator strength. Note that the calculated variation of
the oscillator strength is of the order of 20%, much smaller
than the experimental variation of the recombination time, so
that the observation of the crossover is certainly largely hin-
dered in TRPL measurements. Thus an accurate measure-
ment of the oscillator strength should be necessary to provide
evidence of this crossover.
C. High-temperature carrier escape
We now focus on the nonradiative recombination dynam-
ics. We have shown in Sec. IV that a nonradiative recombi-
nation channel is activated for lower temperatures in shal-
lower QW’s. In this section we show that the origin of this
dynamics is the thermally activated escape of the carriers
that are the less confined in the well. Following Gurioli
et al.,27 we choose to investigate this dynamics by studying
the temperature dependence of the decay time ~in the high-
temperature regime! rather than by studying the PL intensity
dependence. We assume the following. ~i! The excitation is
provided in the QW ~which corresponds to the experiment!.
~ii! In this high-temperature regime, all the populations in the
well are in thermal equilibrium with the crystal. In fact, we
checked that the effective temperature deduced from the
TRPL spectrum reaches the crystal temperature within 10 ps
at all energies ~high-temperature regime!. ~iii! All the popu-
lations in the PL band have the same recombination time
tR'tnr , which is also verified experimentally. ~iv! When the
temperature is high enough, the free-carrier thermalization
leads to a distribution for which the highest confined states
have an energy larger than the barrier potential Eb . We then
assume that the main contribution to the nonradiative dy-
namics comes from the scattering of these carriers towards
the barrier states, with a scattering rate G. ~v! The carriers
that escaped out of the well can recombine radiatively or
nonradiatively in the AlxGa12xAs barrier.
It follows27 that the nonradiative recombination time is
given by
tnr5
1
G exp~2D/kbT !
, ~15!
where D is the effective barrier height for the escaping par-
ticle. The Arrhenius diagram is obtained by plotting
log(tnr)}D/kbT versus 1/T .
In Fig. 10 we show the Arrhenius diagram for all the
samples ~the data point are the same as those presented in
Fig. 6!. An exponential law is indeed observed at high tem-
perature, with an activation energy larger for deeper wells.
We note that due to its large effective barrier height and the
high quality of the sample, no activation is found in the
deeper, x50.178, sample. Furthermore, in the x50.006
FIG. 10. Arrhenius diagram of the PL decay time for the com-
plete set of samples. The solid lines are the best fits to the high-
temperature slopes giving the activation energies for the thermally
activated carrier escape.
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sample, the low effective barrier height induces a thermal
escape even for very low temperature ~see Sec. V B!.
In order to gain insight in the microscopic origin of the
thermal escape, we compared the measured activation energy
with the calculated effective barrier height ~Fig. 11! for the
electrons, the heavy holes, and the light holes. In the figure,
the error bars correspond to the inaccuracy with which the
slope can be measure using Fig. 10. We observe that the
activation energy is very well correlated with the effective
barrier height for heavy holes. After reaching thermal equi-
librium consecutive to the excitation, the radiative recombi-
nation of the fundamental state ~the heavy-hole exciton! is
dominated by the escape of the least confined carriers: the
heavy holes. The effective barrier height for the light holes is
even smaller, but ~i! at thermal equilibrium the heavy holes
are more numerous than the light holes, so the escape of the
light holes could be statistically hidden, and ~ii! the intraband
relaxation from the light-hole to the heavy-hole subband is a
very efficient process. Thermal escape of electron-hole pairs
is unlikely responsible for the activation energies we have
measured. The effective barrier height for an uncorrelated
pair would be the sum of the effective barrier heights for an
electron and a hole. This leads, as easily deduced from Fig.
11, to activation energies much larger than those measured.
For correlated electron-hole pairs the effective barrier height
is expected to be increased with respect to the one of an
uncorrelated pair by the difference between the binding en-
ergies of the SQW and 3D barrier excitons. This latter quan-
tity is always positive, leading to an activation energy larger
than or at least equal to the one of the uncorrelated pair.
Finally, we compare our results with former studies. We
have shown the existence of a unipolar escape mechanism of
heavy holes in GaAs/Ga12xAlxAs shallow quantum wells.
Our results contrast with those of Refs. 24–26, where the
thermal escape of electron-hole pairs, which requires a larger
activation energy, was demonstrated in InyGa12yAs/GaAs
QW’s. Gurioli et al.27 demonstrated, like we do, the thermal
escape of single particles out of thin AlxGa12xAs/GaAs
QW’s. This difference between the two systems
InyGa12xAs/GaAs and AlxGa12xAs/GaAs is quite surprising
since the band offsets seem quite similar: 57:43 ~Ref. 37!
and 62:38,28 respectively.
VI. SUMMARY AND CONCLUSION
In conclusion, we have reported a study of exciton recom-
bination dynamics in a set of eight AlxGa12xAs/GaAs quan-
tum wells, ranging from shallow quantum wells to deep con-
ventional quantum wells, by means of photoluminescence
and time-resolved photoluminescence. First, we have shown
that the transition energies vary monotonically from the 2D
limit to the 3D limit and can be calculated, within the experi-
mental accuracy ~0.5 meV!, using a separable exciton wave
function for Al concentrations as low as 0.01.
The radiative recombination time has been shown to be
strongly enhanced in shallow quantum wells, compared to
conventional quantum wells, mainly due to the presence of
the 3D exciton gas of the barrier, which becomes closer in
energy to the QW 2D exciton gas as x decreases. While a
transition from the strong confinement regime to the weak
confinement regime in shallow quantum wells has been pre-
dicted around x50.01 ~for 100-Å-wide SQW’s! the pre-
dicted variation of the oscillator strength can only partly ex-
plain the experimental findings. An accurate measurement of
the excitonic oscillator strength with even shallower wells is
required to firmly establish the existence of the weak con-
finement regime.
Finally, by varying the crystal temperature, we have
shown the existence of a nonradiative channel, activated at
lower temperatures in shallower quantum wells. The weak
excitonic binding energy in SQW’s favors the thermal disso-
ciation of excitons at very low temperatures. The micro-
scopic origin of the nonradiative recombination following
the dissociation has been revealed by studying the tempera-
ture dependence of the photoluminescence decay time. The
measured activation energies have been found to agree with
the unipolar escape of the carriers out of the QW’s, which is
a particularly efficient process in SQW’s, even at very low
temperatures.
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